Introduction
It is estimated that between 11 and 20 million people worldwide are infected with the human T-cell leukemia virus type I (HTLV-I). While most infected individuals remain asymptomatic, a small percentage develop an aggressive and fatal lymphoproliferative disease called adult T-cell leukemia (ATL) several decades following retroviral infection (for review, see Franklin and Nyborg, 1995) . A single HTLV-I-encoded protein, called Tax, has been strongly implicated in the oncogenic transformation associated with HTLV-I infection (Grassmann et al., 1989 (Grassmann et al., , 1992 . Tax is a regulatory protein that is required for high level expression of the HTLV-I genome. Tax stimulates transcription through a series of complex protein-DNA and protein-protein interactions. The transcriptional control region of HTLV-I carries three 21 bp repeats, called viral CREs, that serve as binding sites for members of the basic-leucine zipper (bZIP) family of cellular transcription factors (Beimling and Moelling, 1992; Franklin et al., 1993; Adya and Giam, 1995; Baranger et al., 1995; Brauweiler et al., 1995; Yin et al., 1995; Yin and Gaynor, 1996; Lenzmeier et al., 1998) . Tax speci®cally interacts with the bZIP domain of the transcription factor CREB, as well as with nucleotides which immediately¯ank the CREB binding site in the viral CRE (Franklin et al., 1993; Adya et al., 1994; Baranger et al., 1995; Brauweiler et al., 1995; Yin et al., 1995; Anderson and Dynan, 1994; Perini et al., 1995; Lenzmeier et al., 1998; Kimzey and Dynan, 1998) . These interactions by Tax lead to the formation of a stable ternary complex on the HTLV-I promoter that serves as a high anity binding site for the recruitment of the multifunctional cellular coactivator CREB binding protein (CBP) (Kwok et al., 1996; Giebler et al., 1997) . Tax anchoring of CBP to the HTLV-I promoter is believed to result in strong transcriptional activation mediated through the coactivator functions of CBP (Bannister and Kouzarides, 1996; Yang et al., 1996) .
CBP is a very large protein, 2441 amino acids in length, with several discrete domains that bind a variety of structurally unrelated transcription factors (Shikama et al., 1997) . One of these CBP domains, called KIX (aa 451 ± 719) has been shown to interact with phosphorylated CREB, c-myb, c-jun, and Tax (Chrivia et al., 1993; Arias et al., 1994; Kwok et al., 1994 , Dai et al., 1996 OelgeschlaÈ ger et al., 1996; Giebler et al., 1997) . Because Tax shares the same CBP binding site as several important cellular transcription factors, we hypothesized that Tax binding to KIX might inhibit access of other transcription factors to CBP, thus altering patterns of cellular gene expression. This hypothesis is based in part on observations that CBP may be limiting in the cell (Petrij et al., 1995) , thus creating a competition between transcription factors for available CBP.
Competition for limiting CBP has been proposed as a mechanism for the observed repression of AP-1 transcription activity by nuclear hormone receptors (Kamei et al., 1996) . Furthermore, there is evidence that the adenovirus E1A protein antagonizes cellular gene expression through disruption of transcription factor/CBP interactions (Yang et al., 1996; Smits et al., 1996) .
To test the hypothesis that Tax binding to the KIX domain of CBP may at least partially disable cellular CBP function, we examined the potential interplay between Tax and c-jun for binding at the KIX domain of CBP. We selected the cellular protooncoprotein cjun for this analysis, as c-jun regulates a large number of target genes, and has a role in cell proliferation, dierentiation and transformation (Angel and Karin, 1991) . We demonstrate that Tax represses the transcription activity of c-jun, and reciprocally, c-jun represses the transcription activity of Tax. Speci®c Tax point mutants, defective for KIX binding in vitro (Harrod et al., 1998) , are defective for c-jun repression in vivo. Binding assays show that, like Tax (Yan et al., 1998) , c-jun interacts with a structural domain of KIX (*aa 588 ± 665) that is composed of an extensive hydrophobic core (Radhakrishnan et al., 1997) . Consistent with these observations, we also demonstrate that Tax displaces c-jun binding to KIX in vitro.
These data have potentially important implications for cellular homeostasis, and possibly cellular transformation. Intermittent high level Tax expression in an HTLV-I-infected T-cell may lead to occupation of the KIX domain by Tax, with the subsequent partial inactivation of CBP. This inactivation would likely disable speci®c cellular transcription factor pathways, with resulting global deregulation of cellular genes that are regulated by these factors.
Results
Previous research has demonstrated that the HTLV-I Tax protein and the cellular protooncoprotein c-jun both interact with the KIX domain of CBP, and utilize CBP as a transcription coactivator (Figure 1 ) (Kwok et al., 1996; Giebler et al., 1997; Arias et al., 1994; . This interaction within a common domain of CBP raises the possibility that Tax and c-jun may compete for the available CBP in the cell, thus mutually repressing the function of the transcription factors. To test this hypothesis, we measured the transcription function of Tax and/or cjun using transient cotransfection assays in HTLV-Inegative Jurkat T-cells. The transcription function of Tax and c-jun was measured by luciferase reporter plasmids carrying three copies of either the Taxresponsive viral CREs (viral CRE-Luc), or c-junresponsive AP-1 sites (AP-1-Luc), respectively, cloned upstream of the thymidine kinase minimal promoter (Figure 2a ) (also see Giebler et al., 1997) .
Tax represses the transcription function of c-jun
We ®rst tested the transcription activity of the c-junresponsive AP-1-Luc reporter plasmid in the presence of expression plasmids for c-jun and Tax. As expected, cotransfection of the RSV-c-jun expression plasmid (Angel et al., 1988) strongly activated transcription from the AP-1-containing promoter (14-fold) ( Figure  2b , lanes 1 and 2). Although c-jun normally functions as a heterodimer with c-fos, under transfection conditions the high level expression of c-jun likely drives homodimer formation, enabling c-jun to directly activate transcription through the AP-1 enhancer elements (Smeal et al., 1989) . To test whether Tax can repress the transcription function of c-jun, we cotransfected the Tax expression plasmid (Brady et al., 1987) . Figure 2b shows that Tax repressed c-junmediated transcription from the AP-1-Luc reporter plasmid (threefold repression) (compare lanes 2 and 3). This same amount of the Tax expression plasmid strongly activated transcription from the viral CRELuc reporter plasmid (75-fold), indicating that the Tax expression plasmid was functioning properly, and Tax protein was not toxic to the cells (Figure 2b , lanes 4 and 5). Since Tax is a highly pleiotropic transcriptional deregulator, it is possible that the observed repression of c-jun occurred through Tax repression of transcription of the RSV-driven c-jun expression plasmid. To test this possibility, we measured the eect of cotransfected Tax on an RSV-driven luciferase reporter plasmid. We did not observe changes in RSV-directed transcription at any of the Tax expression plasmid concentrations tested (data not shown). Furthermore, Western blot analysis using an anti-Tax antibody indicated that c-jun had no eect on Tax synthesis from the cotransfected HTLV-I-driven expression plasmid (data not shown).
c-jun represses the transcription activity of Tax
The above observation supports the hypothesis that both Tax and c-jun utilize CBP to mediate transcription, and that Tax can compete with c-jun for available CBP. If this hypothesis is correct, then titration of cjun into transfection reactions should similarly repress Tax-activated transcription from the viral CRE. To test this hypothesis, we performed the reciprocal experiment shown in Figure 2c . As expected, Tax strongly stimulated expression from the viral CRE-luciferase plasmid (32-fold activation) (compare lanes 1 and 4). Figure 2c shows that transfection of c-jun into the assay strongly repressed Tax transactivation (13-fold Tax (lane 2) . As a control, we also tested the cotransfection of an expression plasmid for c-fos, since c-fos binds to a distinct region of CBP, and therefore would be predicted to not interfere with binding to KIX. Transfection of the c-fos expression plasmid had no eect on Tax transactivation through the viral CRELuc reporter plasmid ( Figure 2c , lane 6). Under these same conditions, c-fos potentiated c-jun transcription from the AP-1-Luc reporter plasmid indicating that the c-fos expression construct was functioning properly (data not shown). Transfection of c-fos had no eect on the transcription activity of viral CRE-Luc in the absence of Tax (Figure 2c, lane 3) . These studies suggest that Tax and c-jun compete for binding to the KIX domain of CBP in vivo, and that their binding is mutually exclusive.
Tax point mutants defective for c-jun transcriptional repression
To investigate the speci®city of Tax repression of c-jun mediated gene expression, we tested two Tax point mutants with amino acid substitutions at positions 88 and 89 (K88?A and V89?A). These point mutations have previously been shown to disrupt Tax interaction with the KIX domain of CBP (Harrod et al., 1998) . Figure 3a shows that, as expected, both Tax point mutants were defective for transactivation through the viral CRE reporter plasmid (compare lane 2 to 3 and 4). Figure 3b shows the eect of these mutations in Tax on repression of c-jun transcriptional activity. As compared to wild type Tax, K88?A was fully defective for c-jun repression, whereas V89?A was partially defective for c-jun repression. Western blot analysis indicated that both Tax mutant proteins were expressed at comparable levels in the transfection assay (data not shown). Comparison of the data presented in Figure 3a and b indicates that the point mutation in Tax at position 88 abolished both the activation and repression functions of Tax, whereas the point mutation at position 89 only partially aected both functions. The observation that these point mutations similarly aected both the activation and repression functions of Tax is fully consistent with a role for CBP in both of these pathways. Furthermore, since these Tax mutants were originally identi®ed as defective for interaction with the KIX domain of CBP, these data speci®cally implicate the KIX domain in the competition for CBP in vivo.
Tax and c-jun interact with similar amino acids within KIX c-jun has previously been shown to bind to a region of the KIX domain (aa 461 ± 662) , however, the minimal region of KIX competent for Jurkat T-cells were transfected with the viral CRE-Luc reporter plasmid (400 ng) (lanes 1 ± 6), the Tax expression plasmid (50 ng) (lanes 4 ± 6), and either the c-jun (lanes 2 and 5) or c-fos (lanes 3 and 6) expression plasmids (400 ng). The values shown are the luminescence+the standard error from one experiment performed in triplicate c-jun binding has not been de®ned. Since we were interested in determining whether both Tax and c-jun bind to an overlapping region of KIX, possibly explaining the in vivo competition, we ®rst needed to determine the minimal region of KIX to which c-jun binds. We have previously shown that aa 588 ± 683 represents the minimal amino acids of KIX to which Tax binds with apparent wild type anity (Yan et al., 1998) . Figure 4 shows that puri®ed, recombinant c-jun binds to full length GST-KIX (aa 451 ± 719) in the GST pull-down assay (lane 2). Progressive amino terminal deletions of KIX revealed that, like Tax, KIX amino acid 588 represents the amino terminal border competent for wild type interaction with c-jun (GST-KIX D588 ± 719) ( Figure 4 , lanes 2 ± 5). Carboxy terminal deletion of KIX to amino acid 665 still retained the ability to bind c-jun, but deletion to amino acid 655 diminished the interaction, indicating that cjun recognizes a slightly smaller core domain of CBP than does Tax (Figure 4, lanes 6 ± 8) .
The signi®cant overlap between the minimal region of KIX required for interaction with c-jun and Tax suggests that both transcription factors recognize the hydrophobic core of KIX (Radhakrishnan et al., 1997) . To further test this hypothesis, we were interested in determining whether speci®c residues within the core of KIX interact with both transcription factors. We have previously identi®ed a double point mutation in KIX (R600?G; E633?D) that abolished interaction with both Tax and phosphorylated CREB, and a second double point mutation (L603?P; K659?I) that abolished interaction with Tax, but had no eect on interaction with phosphorylated CREB (Yan et al., 1998) . To test whether these KIX double point mutants were competent for interaction with c-jun, we analysed the puri®ed polypeptides using the GST pull-down assay. Figure 4 shows that the point mutations in both KIX proteins abolished interaction with c-jun; identical to the results obtained with Tax (lanes 9 and 10; see Yan et al., 1998) . These data suggest that Tax and cjun make similar amino acid contacts within the hydrophobic core structure of KIX.
Tax competes with c-jun for KIX binding
The extensive similarity in the KIX amino acids required for interaction with c-jun and Tax provided strong support for the hypothesis that their binding is mutually exclusive. To directly test this hypothesis, we measured whether Tax can compete with c-jun for Glutathione beads bound with GST-KIX aa 451 ± 719 were incubated with an equimolar amount of c-jun and a ®vefold molar excess of Tax, and the relative binding of c-jun was measured. We hypothesized that if c-jun and Tax binding to KIX is mutually exclusive, then the presence of Tax in the c-jun binding reaction should reduce the amount of c-jun bound to KIX. Figure 5a shows that the co-incubation of puri®ed Tax in the cjun-GST-KIX binding reaction dramatically displaced c-jun from KIX (compare lanes 3 and 4) . The presence of a ®vefold molar excess of either the CBP-binding region of c-fos, or a protein unrelated to CBP (actin depolymerizing factor, ADF), had no eect on c-jun binding to KIX (Figure 5a , compare lane 3 with 5 and 6). Although this data strongly suggests that the presence of Tax prevents c-jun binding to KIX, it does not directly demonstrate that c-jun displacement is due to a Tax-KIX interaction. To test this idea, we titrated Tax into the c-jun-KIX binding reaction, and monitored both Tax and c-jun binding to KIX. Figure  5b shows that increasing amounts of Tax in the c-jun-KIX binding reactions resulted in a progressive increase in Tax binding to KIX, with a concomitant reduction in c-jun binding to KIX. These data suggest that elevated Tax protein concentrations drive interaction with KIX, and result in the physical displacement of c-jun.
Discussion
The recent observation that the HTLV-I Tax protein binds to the KIX domain of CBP, and utilizes CBP as a transcriptional coactivator, reveals a major new pathway by which Tax may deregulate cellular homeostasis (Kwok et al., 1996; Giebler et al., 1997) . In addition to Tax binding to KIX, several cellular transcription factors also bind to this, and other regions of CBP (Shikama et al., 1997) . In this report, we directly tested the hypothesis that Tax binding to the KIX domain represses the transcription activity of cellular transcription factors that utilize CBP. We selected the cellular protooncoprotein c-jun for this study, as c-jun binds to KIX to recruit the coactivator to c-jun-responsive promoters . We show that in the presence of Tax, the transcription activity of c-jun is repressed, and that reciprocally, cjun represses the transcription activity of Tax. Furthermore, two Tax mutants, previously shown to be defective for interaction with CBP (Harrod et al., 1998) , were unable to repress c-jun transcriptional activity to the level observed with wild type Tax. We investigated the molecular basis for the apparent in vivo competition using in vitro binding and competition assays. We demonstrate that c-jun binds to a region of KIX that signi®cantly overlaps with the minimal region of KIX required for Tax binding. Furthermore, Tax directly competes with c-jun for binding to KIX, indicating that their binding is mutually exclusive.
The KIX domain of CBP, loosely de®ned as amino acids 450 ± 700, is the principal region of CBP that interacts with Tax, c-jun and several additional transcription factors. Within the KIX domain, we have previously shown KIX aa 588 ± 683 as the minimal region necessary for in vitro interaction with Tax (Yan et al., 1998) . In this study, we de®ned a similar region of KIX, amino acids 588 ± 665, as competent for interaction with c-jun. These observations are of interest, as Radhakrishnan et al., (1997) have recently determined the solution structure of KIX amino acids 586 ± 666 in complex with phosphorylated CREB. This domain of KIX was shown to be composed of three interacting a helices that form a compact hydrophobic core. In the solution structure of the protein-protein complex, two perpendicular a helices of phosphorylated CREB bind to a hydrophobic groove on the surface of KIX. Since Tax and cjun both bind this region of KIX, it seems likely that these transcription factors participate in similar molecular interactions within this surface groove of KIX. This hypothesis is supported by our evidence showing that speci®c KIX point mutants are defective for both Tax (Yan et al., 1998) and c-jun interaction, indicating that both transcription factors make similar molecular contacts within CBP. These data suggest that the hydrophobic core of KIX acts as a singular docking site for competing transcription factors.
The observations reported here indicate that Tax and KIX-binding transcription factors compete for CBP utilization in the HTLV-I infected T-cell. The extent, and thus the consequences, of the competition would depend upon several factors, including the relative abundance of each transcription factor, their relative KIX binding anities, and the concentration of available CBP in the cell. Tax expression in an HTLV-I-infected cell is believed to be intermittent, but that during burst periods of Tax expression, Tax protein levels are high (0.15% of total cell protein; [Slamon et al., 1985] ). It seems likely that during these burst periods, Tax levels would exceed that needed for optimal proviral expression, and by mass action, the high concentrations of free Tax would bind to KIX, sequestering the limiting concentrations of intracellular CBP and at least partially altering CBP-mediated cellular gene expression.
These Tax-dependent eects on CBP function may also be linked with cellular transformation and adult Tcell leukemia, as a prominant role for CBP in hematopoetic malignancies is emerging (see Giles et al., 1998 for review) . Chromosomal translocations involving CBP (and p300) are being identi®ed with increasing frequency in patients with treatment-related acute and chronic myeloid leukemias and myelodysplastic syndrome (Borrow et al., 1996; Giles et al., 1997; Sobulo et al., 1997; Take et al., 1997; Ida et al., 1997; Satake et al., 1997) . The molecular basis of CBP translocation-associated leukemogenesis is not known, however the available evidence strongly suggests that chromosomal translocations involving CBP result in reduced and/or defective coactivator function. Because of the pleiotropic role for CBP in cellular gene expression, it is likely that alterations in CBP function promote inappropriate regulation of cell cycle and dierentiation genes, possibly through aberrant histone acetyltransferase activity. We propose that Tax binding to the KIX domain may mimic the deregulation that is achieved following chromosomal translocations involving CBP, with both scenarios promoting malignant transformation.
In summary, the studies presented herein demonstrate that Tax binding to CBP results in derailment of CBP coactivator function. Although we have focused on Tax trans-repression of c-jun transcription activity, it is likely that it is through disruption of one or more of the many other CBP-binding transcription factors that Tax may alter cellular homeostasis. These studies provide the biochemical foundation for future work on the mechanism of Tax deregulation of cellular gene expression through alterations in CBP-mediated transcriptional control.
Materials and methods

Cell culture and transfections
HTLV-I negative Jurkat T-lymphocytes were maintained in Iscove's medium supplemented with 10% fetal calf serum, 2 mM L-glutamine and antibiotics. Transient cotransfection assays were performed at a cell density of 10 6 cells/ml using lipofectamine (Life Technologies). Cells were transfected for 5 h, allowed to recover for 19 h, and luciferase reporter gene expression was measured using a Turner TD 20-e luminometer.
Recombinant plasmids
The viral CRE-Luc reporter plasmid carries three tandem copies of the third 21 bp repeat from the HTLV-I promoter cloned immediately upstream of the minimal HSV thymidine kinase promoter driving expression of the luciferase gene (Giebler et al., 1997) . The AP-1-Luc reporter plasmid is similar to the viral CRE-Luc reporter plasmid, except that three consensus AP-1 recognition sites were cloned immediately upstream of the thymidine kinase minimal promoter. These reporter plasmids were tested in the presence of the HTLV-I-Tax (Brady et al., 1987) , IEX-Tax (Semmes and Jeang, 1992) , Tax CMV-K88?A, Tax CMV-V89?A (Harrod et al., 1998) , RSV-c-jun (Angel et al., 1988) , or RSV-c-fos expression plasmids.
Expression and puri®cation of recombinant proteins pTax-His 6 (Zhao and Giam, 1991) , GST-KIX 451-719 (Giebler et al., 1997) , the GST-DKIX deletion mutants and double point mutants (Yan et al., 1998) were expressed in E. coli and puri®ed to apparent homogeneity as described in the above references. Puri®ed c-jun protein was purchased from Promega. Puri®ed c-fos, amino acids 216-379 (which contain the CBP binding region, ) was expressed in E. coli and puri®ed to apparent homogeneity (unpublished construct; puri®ed c-fos protein was a gift from Katie Campbell and the Kevin Lumb laboratory, Department of Biochemistry and Molecular Biology, Colorado State University). Actin depolymerizing factor (ADF) was prepared as described (Adams et al., 1990) , and provided as a gift from the James Bamburg laboratory, Department of Biochemistry and Molecular Biology, Colorado State University.
In vitro binding assays
GST pull-down assays with c-jun were performed by incubating 100 pmol of GST, GST-KIX, GST-DKIX derivatives, or the GST double point mutants with 12.5 ml of swollen glutathione-agarose (Sigma) in 400 ml 0.56 superdex buer (12.5 mM HEPES [pH 7.9], 6.25 mM MgCl 2 , 75 mM KCl, 5 mM ZnSO 4 , 0.5 mM EDTA, 10% Glycerol, 0.05% NP-40) at 48C for 1 h. The beads were then washed twice with 0.56 superdex buer and incubated with 10 pmol c-jun at 48C for 1 h in 400 ml of the same buer. The beads were washed twice with 0.56 superdex buer, resuspended in SDS ± PAGE sample buer, and electrophoresed on a 10% SDS-polyacrylamide gel. The proteins were transferred to nitrocellulose and probed with rabbit IgG against mouse cjun (amino acids 91-105) (Santa Cruz Biotechnology Inc.) and subsequently with 125 I-labeled protein A. The blots were imaged, analysed and quantitated using PhosphorImager analysis and ImageQuant.
GST pull-down competition assays were carried out by incubating 10 pmol GST or GST-KIX with 12.5 ml swollen glutathione agarose in 400 ml 0.56 superdex buer at 48C for 1 h. The beads were washed twice in 0.56 superdex buer and then incubated with 10 pmol c-jun and 50 pmol Tax, cfos or ADF at 48C for 1 h. In the Tax titration experiment, 10, 20, 30, or 40 pmol of Tax were incubated with 10 pmol cjun. The remainder of the assays were carried out as described above.
